Research on nonlinear instability of Power-law plane sheets has been conducted using Carreau law. Combined with asymptotic expansion and long wave assumption, the governing equations and boundary conditions were performed using integral transform. The first-order dimensionless dispersion relation between unstable growth rate and wavenumber was obtained and the second-order interface disturbance amplitude was calculated. By comparison and analysis of components of the second-order interface disturbance amplitude, the effects of power-law index n (n<1) were investigated and the condition under which the shear-thinning effect can be evident was concluded, thus contributing to theoretical basis and technological means to improve atomization of power-law sheets.
Introduction
In recent years, gel propellant has been widely used in the rocket engine application, with better performance than the traditional liquid propellant and solid propellant. The gel propellant is a timedependent non-Newtonian fluid and usually has the properties of shear thinning [1] . However, due to its high viscosity and rheological properties, it is difficult for the gel propellant to atomize, and its atomization mechanism has not been fully recognized, which is the main bottleneck to restrict the performance of gel rocket engine. Therefore, it is of great significance to study the fracture behavior of non-Newtonian fluids.
Concerning researches on atomization mechanism of non-Newtonian fluids, most of them are based on viscoelastic fluids [2] [3] [4] [5] [6] [7] [8] . In 1975, Crapper et al. [9] studied surface wave growth on thin sheets of nonNewtonian fluids. In 1998, Liu et al. [10] succeeded in applying the method of analyzing the instability of planar Newtonian sheets to that of planar non-Newtonian sheets. They investigated breakup instability for both symmetric and antisymmetric disturbances and effects of various parameters on the instability of viscoelastic fluids. It was found that viscoelasticity would make the sheets more unstable. Later, Kumar [11] (2000), Tomar et al. [12] (2006) and Yang et al. [13] [14] (2012, 2013) also conducted theoretical researches on the stability of non-Newtonian liquid sheets. Experimentally, Becerra [15] (2010) studied the effect of a high molecular weight polymer in the dilute regime on the critical flow rate that leads to curtain breakup. The rheological behavior of the polymer solutions was characterized both in shear and extension dominated flow.
In engineering, when taking a test about steady shear rheological behavior on gel propellant, the relationship between shear viscosity µ and shear rate γ& can be fitted as
& , therefore this kind of fluid is usually called power-law fluid. Up to now, reports on atomization mechanism of power-law fluids are rare, most of which are focused on flow stability for power-law fluid films along the inclined plane. Lin and Hwang [16] used the method of normal mode to study linear stability for power-law liquid films flow down an inclined plane. The results showed that shear-thinning liquid films along the inclined plane are more unstable than Newtonian's, and the dimensional wave speed of shear-thinning liquid is faster than that of the Newtonian's. Balmforth et al. [17] found superposed layers of fluid flowing down an inclined plane are prone to interfacial instability even in the limit of zero Reynolds number. They presented two versions of lubrication theory for superposed layers of non-Newtonian fluid with powerlaw rheology and carried on both linear analysis and nonlinear numerical simulation. Amaouche et al. [18] conducted modeling and linear stability for a power-law fluid film flowing down an inclined plane with the method of lubrication theory and weighted residual approach. Also, they performed an incomplete regularization procedure to cure the rapid divergence of the reduced two-equation model. Jawadi et al. [19] proposed an asymptotic numerical method to solve the power-law flow. Comparisons with the numerical [20] studied wavy regime of a power-law fluid flowing down an inclined plane under the action of gravity, within the frame of the lubrication approximation by means of the weighted residual approach.
Considering rare researches on stability of free power-law liquid jets or sheets, in this paper, planar power-law liquid sheet with symmetric disturbances has been investigated on its nonlinear stability. Both first-order dispersion equation and second-order interface disturbance are obtained. And influence of power-law behavior on sheet instability has also been studied.
Theoretical Model
Imagine a uniform infinite free sheet for power-law fluids surrounded by stationary inviscid incompressible irrotational gas. For the liquid sheet, the density, thickness, coefficient of surface tension, power-law index, and velocity are respectively denoted by ρ , 2a, σ , n (<1), and U. While for the gas, g ρ and p g represent its density and pressure, respectively, as is shown in Figure 1 .
* j η indicates the disturbance amplitude of the upper and lower surfaces: when j=1, it corresponds to the upper surface; when j=2, it corresponds to the lower surface. Here, the influence of the gravitational and magnetic field is ignored. 
In the situation here, we assume that the sheet thickness is far less than the wavelength. Using the long-wave assumption, let the ratio of the sheet thickness and the wavelength satisfy: ≪ 1. With the selected characteristic wavelength L, characteristic velocity U and characteristic viscosity * µ , the dimensionless form of each parameter is ：ŷ ay
Here, the subscript 'g' denotes the corresponding parameters for the gas.
Then the governing equations can be nondimensionalized as follows: 0 
The kinematic boundary condition is
where, j=1 denotes the upper surface, and j=2 denotes the lower surface.
Combining the equations (4) (7) (8) with (9) gives ( )
The momentum conservation equations (5) and (6) can be rewritten as:
Integrating on both sides of the upper equations for y from 0 to 1, there is
The normal dynamic boundary condition and the tangential dynamic boundary condition are respectively:
( ) 
where, * U εσ µ Γ = , reflects the relative influence of surface tension and viscous force on the liquid / gas interface.
Gas Phase
Since the gas is inviscid, incompressible and irrotational, the potential function gj φ of the gas should 
With the Equations (17) 
3 Perturbation Theory
First order
The first-order equations can be written in the following form: The initial condition is given as ( ) 
The solution of the second-order equations can be assumed as ( ) ( ) Hence, the second-order disturbance amplitude can be written as 
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From the above expressions, it can be inferred that: 3 The final expression of the second-order disturbance amplitude implies that the power-law factor only impacts on instability of waves with one time and three times the wavelength.
In the following, the influence of power-law characteristics on liquid sheet rupture is further analyzed by waveform diagram. Figure 2 illustrates The effect of the power-law index n on the ratio of the second-order power-law and non-power-law amplitude intensity η ( )is plotted in Figure 3 . It can be obtained that when 1 2 Γ is 208 Prague, February 15-17, 2017 _______________________________________________________________________ fixed, with the increase of the power-law index n, the power-law property becomes weaker, and instability caused by the non-power-law amplitude would become dominant. While n is fixed, if double the value of 1 2 Γ , then the ratio of the second-order power-law and non-power-law amplitude η would reduce to 1/4 of the original, and the corresponding power-law instability would be weakened. The variation of the ratio of the second-order power-law and the non-power-law amplitude intensity η versus the wave number k at different times is shown in Figure 4 . It can be seen that with time going on, the property of the second-order amplitude at the gas/liquid interface is more and more obvious, which means the effect of shear-thinning is more and more evident. The stage when the liquid sheet is close to rupture is actually a strongly nonlinear process. 
